PURPOSE. To investigate lateral geniculate nucleus (LGN) volume of primary open-angle glaucoma (POAG) patients compared with age-and sex-matched controls using ultra-high field 7.0-T magnetic resonance imaging (MRI).
PURPOSE. To investigate lateral geniculate nucleus (LGN) volume of primary open-angle glaucoma (POAG) patients compared with age-and sex-matched controls using ultra-high field 7.0-T magnetic resonance imaging (MRI).
METHODS.
The study included 18 patients with POAG and 18 age-and sex-matched healthy volunteers. All subjects underwent imaging on a high-resolution 7.0-T MRI system. Bilateral
LGNs were identified and manually delineated, and LGN volumes were compared. Peripapillary retinal nerve fiber layer (pRNFL) thickness, optic nerve head parameters (including optic disc size, rim area, and cup-to-disc ratio), and combined thickness of the ganglion cell layer and inner plexus layer (GC-IPL) were measured by Cirrus high-definition optical coherence tomography (OCT). Correlations between OCT parameters and LGN volume were investigated.
RESULTS. Mean
LGN volumes were significantly smaller in the POAG group than in the control group (right, glaucoma 83.97 mm 3 3 [SD 6 24.42], both P < 0.05). In the POAG group, average GC-IPL thickness was correlated with contralateral LGN volume (right LGN: r ¼ 0.605, P ¼ 0.008; left LGN: r ¼ 0.471, P ¼ 0.049). The correlation for right LGN volume remained significant after correction for multiple comparisons. However, there was no correlation between LGN volume and average pRNFL thickness or optic disc parameters in the POAG group.
CONCLUSIONS. On high-resolution 7.0-T MRI, LGN volumes in POAG patients are significantly smaller than those of healthy subjects. Furthermore, in patients, LGN volume was found to be significantly correlated with GC-IPL thickness of the contralateral eye.
Keywords: glaucoma, lateral geniculate nucleus, retinal nerve fiber layer thickness, ganglion cell layer, inner plexiform layer, GC-IPL, optical coherence tomography, 7 tesla magnetic resonance imaging R etinal ganglion cell (RGC) degeneration is the major pathogenetic characteristic of glaucoma. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Most RGCs synapse the next neurons in the lateral geniculate nucleus (LGN), which serves as an important relay station to visual cortex. 19 Previous studies have reported decreased neuronal size and numbers in LGN and overall LGN shrinkage in an experimental glaucoma monkey model. [20] [21] [22] [23] Postmortem pathologic studies for human glaucoma have also reported decreased LGN volumes and neuronal cell densities in LGN. 24, 25 Since Horton et al. 26 first detected the LGN in vivo using MRI with proton density (PD)-weighted images, several studies have attempted to describe the LGN in detail. [26] [27] [28] [29] [30] [31] [32] [33] The LGN is a small, deep subcortical structure that contains myelinated fibers surrounded by white matter tracts including the optic tract, optic radiation, and the posterior limb of internal capsule, which makes it difficult to identify the LGN on magnetic resonance (MR) images. 27 In addition, since the LGN height is 4 to 6 mm, measuring LGN height would have a potential bias, especially with low resolution on MR images; we thought that the ultra-high field PD-weighted MRI could allow us to investigate the volume of LGN with higher accuracy. To our knowledge, there has been no study to investigate LGN degeneration in glaucoma patients with ultrahigh field MRI. Gupta et al. 34 reported the first in vivo MRI evidence of the LGN degeneration with reduced height in glaucoma patients. Several researchers have demonstrated relationships between LGN volume/height in vivo and structural or functional parameters of glaucomatous changes. [35] [36] [37] [38] [39] Recent advances in OCT technology have enabled quantitative assessment of the macular ganglion cell-inner plexiform layer (GC-IPL) thickness as well as RNFL thickness and optic nerve head parameters. It is well known that the pathogenesis of glaucoma involves the degeneration of cell bodies, dendrites, and axons located in the ganglion cell layer, inner plexiform layer, and RNFL, respectively. However, investigations on the nature of the association between in vivo LGN degeneration and structural changes of retinal layers and optic nerve head in glaucoma are still limited.
Thus, we aimed to investigate the difference of LGN volume between primary open-angle glaucoma (POAG) patients and healthy controls using 7.0-T MR imaging and also to investigate the relationship between the LGN volume and the structural parameters of glaucomatous changes, including peripapillary retinal nerve fiber layer (pRNFL) thickness, optic disc parameters, and ganglion cell-inner plexiform layer (GC-IPL) thickness determined by spectral-domain optical coherence tomography (SD-OCT) in POAG.
SUBJECTS AND METHODS
This prospective study was conducted at the Department of Ophthalmology and Neuroscience Research Institute at Gachon University. The legal and ethical aspects of the study were reviewed and approved by the Institutional Review Board (IRB) of Gachon University and by the Korean Food and Drug Administration (KFDA). This study adhered to the tenets of the Declaration of Helsinki. Patients with POAG and an age-and sex-matched control group were recruited from the Department of Ophthalmology at Gil Hospital, Gachon University. Subjects were interviewed to determine medical and psychological histories including body weights and heights. The exclusion criteria included age of <20 years; a history of any neurologic disorder including stroke and Alzheimer's disease; a history of claustrophobia or other psychological disorder; and having metallic material in the body including a pacemaker, a dental implant, or an artificial heart valve. Informed consent was provided by all study subjects prior to study commencement.
Glaucoma Group
All patients underwent comprehensive ophthalmic examinations of both eyes, including best-corrected visual acuity, refractive error, slit-lamp biomicroscopy, central cornea thickness with a noncontact specular microscope (SP-3000P; Topcon, Tokyo, Japan), gonioscopy, Goldmann applanation tonometry, Humphrey Swedish interactive threshold algorithm (SITA) 30-2 testing (Zeiss-Humphrey, San Leandro, CA, USA), dilated red-free photography, stereoscopic optic disc photography, SD-OCT scanning (Cirrus HD-OCT; Carl Zeiss Meditec, Inc., Dublin, CA, USA), and axial length with partial coherence interferometry (IOL Master; Carl Zeiss Meditec AG, Jena, Germany). Glaucoma was diagnosed when glaucoma hemifield test results were outside the normal limits or the standard deviation had a P value less than 0.05; or when there was a cluster of three points or more in the pattern of the deviation plot in a single hemifield with a P value less than 0.05, one of which had to have a P value less than 0.01 on the Humphrey SITA 30-2 test 40 ; and/or a nerve fiber layer defect combined with a corresponding optic disc change.
One macular scan and one optic disc scan were performed using a Cirrus HD-OCT instrument (software version 6.0; Carl Zeiss Meditec, Inc.). For ganglion cell analysis, three-dimensional (3-D) macular cube OCT data were obtained using the macular cube 512 3 128 scan mode. The GC-IPL algorithm automatically indentifies the outer boundary of the RNFL and the outer boundary of the IPL. The GC-IPL thickness is calculated as the distance between the two boundaries. The segmentation procedure operates in three dimensions and uses a graph-based algorithm to identify each layer. The average, minimum (lowest GC-IPL thickness over a single meridian crossing the annulus), and sectoral (superotemporal, superior, superonasal, inferonasal, inferior, inferotemporal) thicknesses are measured in an elliptic annulus (dimensions, vertical inner and outer radius of 0.5 and 2.0 mm, horizontal inner and outer radius of 0.6 and 2.4 mm, respectively). The size and shape of the elliptical annulus were chosen to conform closely to the histologic macular anatomy, and the annulus corresponds to the area where the RGC layer is thickest in normal eyes. [41] [42] [43] The pRNFL thickness was measured in optic disc cube 200 3 200 scan mode, which consisted of 40,000 axial scans (in a 6 3 6 3 2 mm cube) centered on the optic disc. Average, quadrants, and clock-hour sector RNFL thicknesses on a measurement circle 3.46 mm in diameter are calculated. Optic nerve head parameters were measured using the same scanning protocol (using the same 6 3 6 data cube) as used for RNFL analysis. Cirrus HD-OCT automatically indentifies the termination of Bruch's membrane and considers this to be the optic disc edge. The Cirrus HD-OCT algorithm measures optic disc rim area by measuring the rim width within the circumference the optic disc edge. Average cup-to-disc ratio (CDR) and optic disc cup volume are also automatically determined using this algorithm. Subjects who met any of following criteria were excluded: any retinal disease, any history of neurologic disease, macular edema or another vitreoretinal disease, OCT images with low signal strength of <6, lost data on the peripapillary ring, obvious motion artifact or incorrect segmentation. The mean age of glaucoma patients was 47.6 6 13.3 years (8 men and 10 women).
Control Group
All healthy volunteers underwent ophthalmological examinations including visual acuity, refractive error, slit-lamp biomicroscopy with Goldmann applanation tonometry, fundus examination, axial length, pRNFL thickness, optic disc parameters, and macular ganglion cell-inner plexiform layer (GC-IPL) thickness with Cirrus HD-OCT to rule out glaucoma and any other ocular diseases except cataract. Two of the potential controls with finding suspicious for glaucoma on these examinations were excluded. Eighteen healthy, nonglaucomatous, age-and sex-matched volunteers were recruited as study controls. Mean age of the control group was 45.2 6 10.9 years (8 men and 10 women).
MRI Acquisition
A 7 Tesla research prototype MRI scanner (Magnetom 7T; Siemens, Erlangen, Germany) was used with an optimized eight-channel radiofrequency coil designed specifically for this study. The specific MR imaging parameters used were as follows: coronal PD-weighted imaging (TR/TE ¼ 35.3 / 3.75 ms; flip angle ¼ 68; slice thickness ¼ 0.6 mm without gap; 320 3 320 matrix; total acquisition time 4 minutes, 4 seconds). The LGN was identified according to the published landmarks ( Fig.  1) 26, 44, 45 : It was located above the hippocampus and the ambient cistern, beneath and lateral to the thalamus, and medial to the optic radiations. All subjects' MRI data were submitted to a neurologist (YK) to rule other pathologies that are known to present as glaucoma. An experimenter (HJJ) blinded to the information on subjects measured the volume of LGN using a 3-D slicer (http://www.slicer.org [in the public domain]). On each scan section on which the LGN was visible, its area was manually segmented using 3-D slicer as shown in 
Statistical Analysis
Group baseline characteristics such as mean age, sex, ocular parameters, and LGN volumes were compared using the MannWhitney U test for continuous variables and Pearson v 2 tests for categorical data. The normality of distribution of the variables was assessed by a Kolmogorov-Smirnov test. Statistical correlation between LGN volumes versus the structural changes of glaucoma determined by Cirrus HD-OCT was obtained via a Pearson correlation test. Multiple correlations were investigated between LGN volume versus average GC-IPL, average RNFL thickness, and average CDR. The P value was adjusted using the false discovery rate approach described by Benjamini and Hochberg. 46 For subanalyses of associations between topographical parameters and LGN volume, the RNFL parameters included in the analysis were average and quadrant thicknesses; and the GC-IPL parameters considered were average, minimum, and sector perimacular thicknesses. In addition, the optic nerve head parameters were disc area, rim area, and average CDR. For each analysis, the P value was also adjusted using the false discovery rate. The LGN volumes of 16 subjects were measured by another grader. The intraclass correlation coefficients (ICC) for LGN volume were calculated to assess agreements between the two graders. All statistical analyses were performed using SPSS version 17.0 (SPSS, Inc., Chicago, IL, USA). A P value less than 0.05 was considered statistically significant.
RESULTS
The baseline characteristics of the 36 study subjects are summarized in Table 1 . Age, sex, body weight, body height, visual acuity, refractive error, and axial length did not differ between the POAG and control groups. Mean volumes of both right and left LGNs in patients were significantly smaller than those in controls (Table 2, Fig. 3 ). Average pRNFL thickness on both eyes of the POAG group were significantly thinner than those of controls (both P < 0.001). Quadrant pRNFL thicknesses were also significantly thinner in POAG than those in controls except for nasal quadrant of the right eye. There was no difference in disc area between the two groups. Rim areas and CDR in the POAG group were significantly smaller than in the control group (both P < 0.001). Table 3 lists average, minimum, and sector GC-IPL thicknesses. Average, minimal, and all sector GC-IPL thicknesses in the POAG group were significantly thinner than in the control group.
In the POAG group, LGN volume was significantly correlated with average GC-IPL thickness of the contralateral eye ( Table 4 ). The correlation for right LGN volume remained significant after controlling the false discovery rate for multiple comparison. Figure 4 shows scatter plots of associations between LGN volume versus average GC-IPL thickness, average RNFL thickness, and average CDR in the POAG group. In sector analysis, superior sector GC-IPL thicknesses in left eyes were most correlated with right LGN volume, whereas inferonasal sector GC-IPL thicknesses in right eyes were most correlated with left LGN volume (Table 5 ). After adjusting with the false discovery rate, superior sector, average, and minimal GC-IPL thicknesses of the left eye were significantly correlated with LGN volume.
There was no correlation between the LGN volume and average pRNFL thickness (Table 6 ). Superior quadrant RNFL thickness in the left eye was correlated only with right LGN volume. However, the correlation was not significant after correction for multiple comparisons. Adjusted P value < 0.05 was significant. Pearson's correlation test. GC-IPLT, ganglion cell and inner plexiform layer thickness; pRNFLT, peripapillary retinal nerve fiber layer thickness. Pa, adjusted P value after controlling the false discovery rate for multiple comparisons (six correlations). No correlation was found between LGN volume and optic nerve head parameters by Cirrus HD-OCT including disc area, rim area, and average CDR before and after correction for multiple comparisons (Table 7) . For the 32 LGNs of 16 subjects, ICC for LGN volume was high (ICC for right and left
LGNs were 0.889 and 0.898, respectively; both P < 0.001).
DISCUSSION
High-resolution MRI shows that POAG patients exhibit a significant reduction in LGN volume compared to age-and sex-matched healthy controls, and that in POAG patients, LGN volume is significantly correlated with macular GC-IPL thickness in contralateral eyes. These results confirm the notion that transsynaptic degenerative change of LGN is involved in the pathophysiology of glaucoma, which is in line with the findings of previous studies. [20] [21] [22] [23] [24] [25] [34] [35] [36] [37] [38] [39] Experimental studies in primates have demonstrated LGN atrophy in glaucoma. [20] [21] [22] [23] Gupta et al. 25, 34 reported this finding in humans by both postmortem histopathologic study and in vivo MRI study. Several researchers have reported similar results and investigated the relationships between degenerative LGN changes and the functional and structural changes of human glaucoma with various methodologies. Dai et al. 35 found that the LGN height/volume was correlated with functional glaucoma stage, whereas Hernowo et al. 37 showed no significant correlation between visual field sensitivity and LGN volume. Chen et al. 39 reported that both right and left LGN heights were significantly correlated with CDR and RNFL thickness. However, LGN volume was correlated with CDR and RNFL thickness only in left eyes.
The present study showed that LGN volume was correlated with GC-IPL thickness rather than pRNFL thickness. The pathogenesis of glaucoma involves the degeneration of cell bodies and dendrites located within the ganglion cell and inner plexiform layers. This finding suggests that the depletion of RGCs and their dendrites might be synchronized with the depletion of LGN neurons rather than peripapillary RNFL thickness. There are possible explanations. First, the RNFL thickness measured by OCT includes nonneuronal supporting tissues and large blood vessels, as well as RGC axons. In contrast, the macula has relatively small blood vessels and a large number of ganglion cells. These anatomic differences could be related to our finding. Second, this finding may be line with the greater representation of the central retina in the LGN. 47 , 48 Kupfer 49 reported that the region of the LGN representing the macula accounts for the posterior two-thirds to three-fourths of the volume of the LGN. Hickey and Guillery 50 reported that the central 158 occupied one-half of the volume, and Schneider et al. 51 reported that the central 158 of visual field occupied 79.5% of the total volume of LGN. Thus, volumetric changes of the LGN may be related more to central retina changes than to peripheral retina changes. The present study also showed that LGN volume was correlated with contralateral GC-IPL thickness rather than ipsilateral thickness. It may be related to topographic distributions of RGCs, whose density is higher in nasal retina than in temporal retinas based on the fovea. 43 Chen et al. 39 reported that LGN height was significantly correlated with RNFL thickness, as obtained by Stratus OCT and CDRs measured on fundus photography. In that study, LGN volume was found to be correlated with CDR and RNFL thickness only for the left eyes. The discrepancy between these authors' findings and ours could be due to methodological and subject differences. Different resolution used in imaging LGN could render different numbers of sections of LGN visible. Alternatively, the small sample size with a relatively narrow range of RNFL thickness in our study could be a cause of lack of significant correlation between LGN volume and average RNFL thickness or optic disc parameters. Use of a behavioral measure with Humphrey visual field testing as a diagnostic criterion was likely to affect subject selection. In addition, intereye asymmetries of glaucomatous damage and various locations of glaucomatous damage in the retina and optic nerve head among patients might also have influenced outcomes. In the previous study, it was suggested that LGN height measurement might be straightforward and more clinically useful because it is easier to measure height than volume. We agree with this suggestion, but we consider measurement of volume to better represent the general status of the LGN, although it is more time-consuming.
The mean LGN volume of healthy controls in the present study is comparable to volumes reported in postmortem studies. Putnam 52 reported a volume range of 77 to 115 mm 3 in three subjects; Zvorykin 53 reported one of 66 to 152 mm 3 in 17 subjects; and Andrews et al. 54 reported means of right and left LGN volumes of 121 mm 3 (91.1-154 mm 3 ) and 115 mm 3 (91.9-157 mm 3 ), respectively. However, our estimates are smaller than those provided by previous in vivo MRI studies. Hernowo et al. 37 reported an average volume of 149 mm 3 using 3T MRI with automated segmentation and voxel-based morphometry. Dai et al. 35 segmented
LGNs manually, as in the present study, and reported a volume of 143 mm 3 by 3T MRI with a PD sequence. Zhang et al. 38 reported a mean volume of 154.2 mm 3 for 28 individuals by 1.5T MRI with manual segmentation. Naturally, subject differences such as age differences could have influenced the estimates because a 2-to 3-fold variation in the volume of LGN has been reported among individuals. 53, 54 On the other hand, the differences between the present study and previous in vivo neuroimaging studies could be explained by voxel size. We measured LGNs using 0.6-mm isotropic voxels, whereas 1.0-mm or greater slice thicknesses were used in previous studies. This larger slice thickness leads to partial volume effects that make the LGN larger, because it might not allow measurement of its smallest aspects.
In the present study, left LGN volumes were significantly smaller than right LGN volumes in healthy controls. This is consistent with a previous report issued by Li et al., 55 although the methodologies used differed. In the present study, mean minimum GC-IPL thickness of right eyes was significantly thinner than that of left ones, albeit it was quite a small difference of 1.56 lm, in healthy controls (P ¼ 0.015). We could not find any differences for other parameters examined in both eyes. Further larger-scale studies are required to determine the relationship between GC-IPL thickness and LGN volume.
This study has a number of limitations. First, the sample size was relatively small. It was hard to enroll subjects because the ultra high magnetic field MRI could not be performed in subjects with any metallic materials such as a dental implant. Nevertheless, a significant difference in LGN volume was found between groups. However, our sample may not have been large enough to allow detection of a correlation between LGN volumes and both RNFL thickness and optic disc parameters. Thus, larger-scale studies could yield different observations. Second, manual delineation is subject to potential bias. We could not completely exclude the possibility of an erroneous measurement during manual delineation even on 7 Tesla MR imaging. However, it is generally accepted that manual delineation of LGN provides accurate results. Furthermore, interobserver agreement for LGN volume was high in the present study. Thus, such bias was not likely to influence our data substantially. Third, the clinical implications of LGN changes in glaucoma still need to be investigated. However, since LGN would play a role in perception and cognition, including visual attention and awareness, beyond that of a relay nucleus, 56 we suppose that the macular GC-IPL thicknessrelated LGN changes could be related to perception and cognition of glaucoma patients. Further studies are required to explore implications of the visual pathway involvement beyond the optic nerve in glaucoma patients.
In conclusion, we have shown that LGN volume significantly decreased in POAG compared with normal healthy controls, and that macular GC-IPL thickness was correlated with contralateral LGN volume in POAG using 7T MR imaging. Our findings support the idea that transsynaptic degeneration is involved in the pathogenesis of POAG and suggest that LGN volumetric changes could depend on macular GC-IPL thickness rather than peripapillary RNFL thickness. Further studies are required to explore implications of the relationship to perception and cognition of glaucoma patients.
